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Traditionally, in a quadrupole mass filter, ion isolation is achieved by scanning the rf and DC
voltages with a fixed ratio. In this paper, we describe an innovative procedure implemented
in a digitally driven linear ion trap termed digital asymmetric waveform isolation (DAWI) in
which ion isolation is obtained by manipulation of the duty cycle of the rectangular
waveforms. Variation of the waveform duty cycle allows introduction of a precisely defined
DC quadrupole component into the main trapping field of the quadrupole ion filter. The
DAWI method is completely controlled at software level and does not require any hardware
modification. (J Am Soc Mass Spectrom 2010, 21, 1530–1533) © 2010 Published by Elsevier
Inc. on behalf of American Society for Mass SpectrometryUnlike amplitude driven quadrupole ion traps,the three-dimensional (3D) digital ion trap(DIT) mass spectrometer has been designed
bearing in mind that instead of using sinusoidal wave-
forms, rectangular waveforms could be employed to
drive the ion trap [1, 2]. In the DIT, the quadrupole
trapping and excitation waveforms are generated by
rapidly switching between discrete DC voltage levels
using fast high voltage electronics. As consequence of
this, mass spectra can be obtained by means of fre-
quency scan instead of conventional voltage scan, thus
extending the mass range up to the MALDI analysis of
intact proteins [3–6]. Unique features related to the type
of waveforms used include high precursor ion isolation
using a combination of forward and reverse scans [4]
and the ability to perform electron capture dissociation
(ECD) without the necessity of utilizing a permanent
magnetic field [5]. Amongst all these unique advan-
tages, the rectangular waveforms can be manipulated at
software level so that a well-defined DC component can
be superimposed on the main trapping field by varia-
tion of the waveform duty cycle. This approach has
been recently used to determine experimentally the r
and z boundary lines of the 3D digital ion trap stability
diagram using several peptides. Using this approach,
several duty cycle values corresponding to different
working points theoretically predicted for crossing the
boundary of the stability region are chosen and the
experimental stability diagram is produced [7].
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doi:10.1016/j.jasms.2010.05.003Since its invention [8], the quadrupole mass filter has
become a constitutive element present in a vast range of
commercially available mass spectrometers. To isolate
ions within a well-defined m/z range, a new mass scan
line differing from q  0 has to be generated superim-
posing a DC component on the main trapping field. To
do so, an additional DC power supplier needs to be
added. In the early 1970s, Richards and coworkers
suggested the utilization of rectangular waveforms to
perform ion isolation in a quadrupole mass filter. How-
ever, due to the impossibility to ionize large biomol-
ecules at the time and the limitations of the electronics
used, the paper provided only the proof-of-principle
rather than a real analytical method applicable to any
type of analytical samples [9]. In this paper, we show
that in a linear digital ion trap (DLIT), using two pairs
of switches that generate two opposite phases of digital
waveform for the x-poles and y-poles, respectively,
variation of the waveform duty cycle controlled at
software level provides a fast method, termed digital
asymmetric waveform isolation (DAWI), which can be
employed for ion isolation.
Methods
Mass Spectrometry
The instrument consists of a 3D digital ion trap (DIT)
mass spectrometer based on the design published pre-
viously [10]. It comprises an off-axis microspray source.
Cytochrome c (Sigma, Poole, UK) was dissolved in 50%
(vol/vol) acetonitrile acidified with 0.1% (vol/vol) for-
mic acid and sprayed at flow rates of 10 L/min with a
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guide consisting of three sets of electrode plates) trans-
ports the ions (via a skimmer) to the digital linear
Figure 1. The scan tables used for both DIT and LDIT to perform
DAWI. When DAWI is performed in the section B of the LDIT, the
potential is lowered in section C, and ions are transmitted and trapped
in the DIT for mass analysis. Following the DAWI step, a 5 V bias is
applied to C again and ions are not allowed in this section till the next
experiment. In the DIT scan table, ion trapping following DAWI (1), ion
cooling (2), field adjusting (3), mass scan (4), and standby mode (5) are
indicated. The scale for each operation step is arbitrary.
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The linear ion trap is segmented in three distinct
sections of 20 mm (A), 84 mm (B), and 6 mm (C),
respectively. Diameter of the rods is only 6 mm for all
three sections. Both rf ion guides (Q array and linear
quadrupole) are digitally driven using parameters that
can be defined separately in the control software. Volt-
ages applied to each of the linear ion trap segments can
be varied to perform different functions within the
device (ion storage and DAWI). Figure 1 displays the
scan table with the voltages applied to both DLIT and
3D DIT. Ions are then pulsed into the 3D trap by
lowering the potential on the gate electrode for a
user-defined time (typically a few s). In the 3D DIT a
mass spectrum is generated by resonance ejection. Ion
detection is then performed on a channel electron multi-
plier (Burle/Photonis, Lancaster, PA, USA) with a conver-
sion dynode. Spectra are processed using our in-house
built software.
Results
In the DIT mass spectrometer, the 3D digital ion trap is
used as mass analyzer to perform all main analytical
functions (mass analysis, precursor ion isolation, ion
activation) while the digitally driven linear ion trap
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ion focusing and ion selection. Here, we want to show
how the use of digital drive for the linear ion trap can
facilitate its utilization as mass filter removing the
necessity of an additional DC power supplier. Similar to
the DIT, the linear ion trap described here is driven
using rectangular waveforms. Using two pairs of
switches that generate two opposite phases of digital
waveform for the x-poles and y-poles, respectively, the
radial confinement electric field is generated. Confine-
ment along the axis of the linear ion trap can be
achieved using two end-rods (sections A and C) so that
an axial potential barrier is produced. The stability
diagram for the digital linear ion trap, displayed in
Figure 2, can be obtained with the same theoretical
method used for the 3D ion trap [11]. The diagram is
plotted for the case of equal, plus, and minus voltage
levels, in which case the resolving DC level is created
only using an asymmetric duty cycle waveform be-
tween the x- and y-poles. In absence of any additional
DC quadrupole component, the working points of all
ions sit on the qz-axis, and qz  0.712 is the low mass
cut-off point corresponding to the stability boundaries
in both the x- and y-directions. The apex of the first
stability region is located at qy 0.561, ay 0.265. In the
steady trapping operation, a periodic rectangular wave
voltage is generated by switching between a high
voltage level V1 and a low voltage level V2. The U and
V values are function of the average values of the DC
and AC components and the duty cycle d (ratio between
 and the total period T of the wave employed) of the
rectangular wave voltage applied to the x and y rods as
indicated in the two equations below:
U  d V1  (1  d) V2
V  2(V1  V2)(1  d)d
To operate the linear ion trap as a mass filter ions are
isolated by scanning the rf and DC voltages with a fixed
ratio. In the a, q cartesian space, the slope of the straight
line 2U/V can be expressed as function of the duty cycle d:
a
q

2U
V

2d  1
4d(1  d)
It is important to point out that the linear ion trap is
segmented in three sections of different lengths. In the
DAWI procedure described here, only section B of the
linear ion trap operates as mass filter. Following DAWI
in section B, ions are stored in section C before being
injected in the 3D DIT for mass analysis. The DC axial
potential bias applied on sections A, B, and C are
provided separately. The smallest isolation window
achievable (highest precursor ion resolution) is ob-
tained when the a/q line is very close to the apex of the
first stability (qy  0.561, ay  0.265). Under these
conditions, the maximum value of duty cycle that can
be used in the experiments is 0.612. Figure 3 shows theESI mass spectra of cytochrome c acquired using differ-
ent duty cycle values applied to section B of the linear
ion trap. In all experiments the quadrupole is set to
transmit the [M 13H]13 cytochrome c ions at m/z 942.
Figure 3. Electrospray mass spectra of cytochrome c acquired
varying the duty cycle from 50% up to 61.2%. When the a/q
approaches the apex of the stability diagram only the protein ions
of charge state13 atm/z 942 are isolated in the linear ion trap and
subsequently transmitted to the 3D DIT for mass analysis by
resonant ejection.When no DC resolving component is used (d  50%),
1533J Am Soc Mass Spectrom 2010, 21, 1530–1533 DAWI IN A DIGITAL LINEAR ION TRAPthe mass spectrum shows a mass range between 600
and 1900 amu. DIT mass analysis by resonant ejection
covers the same mass range. Increasing the duty cycle
up to 59.4% generates a spectrum in which it is still
possible to detect protein ions of different charge state
in proximity to the ion of interest. Isolation of the [M 
13H]13 protein ions with concomitant removal of all
other charge states is obtained only when d is 60.1%
(resolution around 100 FWHM). Due to software limi-
tation, it is important to bear in mind that the duty cycle
can be only varied by an increase of 0.7% duty cycle.
During the DAWI isolation step in section B, section C
is used to store the selected ion population for a defined
time (8 ms). To do so, ion confinement in section C is
obtained applying a DC bias of 5 V that is lowered for
ion transmission into the DIT. After that the bias is
applied again and ions are not allowed in this section
till the next scan (see Figure 1). Using this experimental
set-up, we also tried to determine the effect of higher
duty cycle (higher precursor ion resolution) on isolation
efficiency. Figure 4 shows the relative abundances of
the multiply charged cytochrome c ions under study
acquired using different duty cycles. From the spectra
obtained, no variation in isolation efficiency is reported
when a higher precursor ion isolation resolution is
observed.
Conclusions
Previous experiments carried out in our laboratory
demonstrated how the utilization of a resolving DC
component generated by varying the duty cycle of the
rectangular waveform can be used as an alternative
method for fast precursor ion isolation in a 3D digital
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Figure 4. Ion abundances of cytochrome [M  13H]13 acquired
using different duty cycles.ion trap [12, 13]. Here we extend our approach to alinear ion trap showing that it can be used as a mass
filter by simply varying the duty cycle of the rectangu-
lar waveform applied to the four rods. With respect to
early works for analysis of krypton published nearly 40
years ago [9], we showed that efficient ion isolation of a
specific electrosprayed charge state of a protein can be
carried out before ion trapping in a 3D digital ion trap.
The method can be controlled by only modifying the
parameters entered in the control software and does not
require an additional DC power supplier. The proce-
dure has recently shown its utility in the attempt to
perform gas-phase small angle X-ray scattering in a DIT
mass spectrometer interfaced with a synchrotron radi-
ation source [10]. However, due to its simplicity, DAWI
could be implemented in any mass spectrometer.
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